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Abstract: The purpose of this study is to increase the understanding about undergraduate life science
students’ conceptions concerning the role of photosynthesizing plants in the ecosystem, utilizing
a network analysis method. Science learning requires the integration and linking of abstract and
often counterintuitive concepts successfully into multifaceted networks. The quality of these net-
works, together with their abilities to communicate via the language of science, influences students’
success in academic, verbal problem-solving tasks. This study contributes to investigating students’
understanding, utilizing a modern network analysis method in exploring first-year university life
science students’ written answers. In this study, a total of 150 first-year life science students answered
two open-ended tasks related to the role of photosynthesizing plants in the ecosystem. A network
analysis tool was used in exploring the occurrence of different-level science concepts and the interre-
latedness between these concepts in students’ verbal outputs. The results showed that the richness of
concept networks and students’ use of macro-concepts were remarkably varied between the tasks.
Higher communicability measures were connected to the more abundant existence of macro-concepts
in the task concerning the role of plants from the food-chain perspective. In the answers for the
task concerning the role of plants regarding the atmosphere, the students operated mainly with
single facts, and there were only minor interconnections made between the central concepts. On
the basis of these results, the need for more all-encompassing biology teaching concerning complex
environmental and socio-economic problems became evident. Thus, methodological and pedagogical
contributions are discussed.

Keywords: concept; knowledge integration; macro-concept; language of science; network analysis;
photosynthesis; biology education; science education; higher education

1. Introduction

Research has shown that students come to science classrooms with a heterogeneous
level and quality of prior knowledge that significantly influences and sometimes remark-
ably hinders learning [1–3]. Science learning requires the construction of a solid conceptual
knowledge base, which means understanding a large number of abstract, complex and
even counterintuitive concepts, their relationships, and the flexible use of this knowledge in
problem-solving. This typically poses challenges for many students, not only at elementary
and upper-secondary school levels but also in higher education [4–8]. Science operates via
abstract scientific concepts (e.g., photosynthesis, ecosystems) that significantly differ from
everyday concepts, and, typically, mastering them requires systematic, intentional, and
deliberate learning and instruction [9]. As a result of successful science learning, concepts
gradually become linked to form complex and hierarchical networks [10]. The richness
and organization of these networks play a crucial role in the learning of complex contents
and impact the quality of a learner’s cognitive processing and problem-solving skills [10].

Text reading and writing are still the most common learning activities in higher
education. However, students’ verbal outputs for science tasks indicate not only their
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topic-specific conceptions but also their ability to use and operate within science language
meaningfully. The language of science builds on interconnected science concepts, and
first-year university students are expected to learn to understand and use this discipline-
specific language, with its unique rules, as part of their subject studies. However, this
aspect is often more or less ignored in science education, particularly at university level,
although it poses challenges for novice students, who may not yet have the appropriate
skills to communicate using the language of science that is designed for highly expert
audiences [11].

There is a need for sophisticated tools to investigate the quality of students’ verbal
assignments from the perspectives of richness, quality and the interconnectedness of
concepts and language in general. In that regard, network analysis methods that enable
exploring and analyzing students’ use of science language have shown potential but,
typically, these attempts have not considered the semantic hierarchy of concepts related to
a particular science phenomenon, or if they have, the analysis has been extremely laborious.
Therefore, the aim of this study is to investigate first-year life science students’ written
answers concerning the role of plants in the ecosystem by utilizing a newly developed
network analysis tool that makes it possible to investigate lexicons that reflect students’
ability to operate with different-level concepts.

1.1. Learning Science—From Single Facts to Networks of Concepts

During school years, the students acquire a large number of science concepts and
link them in a semantic knowledge network as a part of broader ontologies and explana-
tory systems. Gradually, the networks are enriched with new concepts and refined so
that more and better connections are made between the concepts. The quality of such a
network is reflected in structures that are tightly connected and web-like, or hierarchically
organized [12–15].

The repeated activation of connections in a knowledge network results in knowledge
integration and the forming of so-called macro-concepts, under which many lower-level
details, patterns and interrelations of information are organized. Macro-concepts in con-
cept networks can be considered as analogous to key species in food webs so that their
occurrence is a prerequisite for several other concepts and contents to be understood.
Based on previous studies, the development of macro-concepts shows a move toward more
abstracted and integrated concepts in denser knowledge structures [10]. These processes
lay the foundation for higher-level cognitive processing, such as problem-solving and case
processing, in which conceptual knowledge needs to be flexibly used and applied.

However, the formation of appropriate conceptual understanding does not happen
by piling fact over fact; instead, learning science requires a considerable restructuring of
conceptual knowledge and conceptual changes in different phases and levels of studies [3].
As a consequence, based on extensive previous studies, we know today that even university
students struggle to learn life science concepts and complex contents, and they may have
tenacious misconceptions related to the central concepts [3,16,17]. The challenges can
be partly explained by the complex, dense and even counterintuitive nature of science
concepts. Science concepts often develop simplified meanings in everyday language,
providing what is seemingly enough explanatory power in everyday contexts, but leading
to misinterpretations if used when aiming to explain complex science phenomena in science
classrooms [18]. Additionally, science concepts differ, not only from everyday concepts, but
they also may have somewhat varying meanings across disciplines. Learning that a familiar
word may have an unfamiliar meaning in a new context is likely to be problematic [19].
The concept of energy, for example, is one of the most central and richly connected ideas
across all science disciplines that is studied several times during school years in various
contexts, and students at different school levels struggle to understand it properly [20].
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1.2. Learning the Language of Science

Learning the language of science has been identified as an important part of learning
science. In general, language is central in the development of scientific thinking [21],
and learning the specific way to use scientific terms and concepts is central [22]. We can
claim that science has its own language because it has its own vocabulary, semantics
and syntax and, therefore, some researchers call it the language of science (see, e.g., [23]).
These features are important, for example in building meaning between scientific claims,
in presenting evidence supporting scientific theories, and other ways to communicate
science [24]. The language of science differs greatly from everyday language, and it has
been developed for practical reasons. Scientific language is used in communication between
scientists and about science; science is reported and communicated through speaking and
writing [22,25]. Language is then an important technology and an indisputable part of
science. Language can be seen as a vehicle for conducting science and building up scientific
understanding [26]. However, language can restrict or impede science learning [27], which
is why the use of scientific language should receive more attention in science classrooms.

School science is different from real science, but they have a common ground, the
language of science. However, science teachers and the authors of science textbooks tend to
forget that they are “natives” in the language of science, whereas their students are not [28].
This causes many problems and challenges. For example, the language used in science
classrooms differs greatly from the language students are used to [23]. This difference is
one of the biggest reasons why students feel that reading science texts is difficult. For many
students, the biggest problem in learning science is learning the language of science [29]. It
is important to embed students in the language of science with guidance so that they get
used to scientific terms and the use of the language [28].

One of the biggest challenges in learning the language of science is learning the science
lexicon [23]. When studying science, one must learn a new lexicon (consisting of specific
words, terms and concepts) and understand, for example, new phenomena by using the
new lexicon. This is a double challenge when compared to learning a foreign language.
The language of science is dense in information because it usually consists of scientific
terms. These, sometimes very technical, terms are important in science because they enable
exact descriptions of phenomena and their relationships. Clauses in scientific texts can be
very long and have many nouns. Every noun adds to the amount of information in the
clause, but in everyday language, one might use many different clauses to explain a similar
kind of situation.

1.3. Network Analysis in Investigating Students’ Use of Science Concepts

Nowadays, networks and graph theory are applied increasingly often to data analysis
in fields where network representation is not an obvious way to analyze data [30]. A
recent research paper utilizing a network approach to lexical networks has discussed the
importance of extensive lexicons (or vocabularies) when gaining scientific knowledge. An
extent lexicon can be regarded as a prerequisite to mastering scientific language and, thus,
the ability to use it [31,32].

To sum up, the learning of science concepts and contents poses serious challenges
for university students. For investigating this via the verbal outputs of students, we need
sophisticated methodological tools. This study contributes to developing new modern
methods to investigate this topic by exploring the written answers given by first-year life
science students for tasks related to the role of photosynthesizing plants in the ecosystem
from the viewpoints of food chains and the atmosphere, utilizing a modern network
analysis method. To be precise, we investigate:

(1) Which (macro-)concepts and words do the students use when answering verbally
certain questions concerning the role of plants in the ecosystem?

(2) How are the concepts and terms interrelated in students’ verbal outputs?
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2. Materials and Methods
2.1. Participants

The participants comprised 150 first-year life science students from the Faculty of
Biological and Environmental Sciences (127 = females; 23 = males) from the University of
Helsinki. A total of 56 students had biology as their main subject, while 48 students studied
molecular biosciences and 46 studied environmental sciences as their main subject. The
participants’ ages ranged between 19 and 64, being on average 22.41 years old (SD: 5.17).

The study was performed according to the ethical instructions of the Finnish National
Board on Research Integrity (TENK). The participants gave their permission, i.e., filled in
the voluntary informed consent form. Participation in the study was voluntary, and the
students had the possibility of withdrawing from the research at any time, without any
consequences.

2.2. Measures and Data Collection

The topic was chosen because photosynthesis is one of the most central concepts in
biology, forming the basis for all the energy sources essential to life, from the intake of food
to the burning of fossil fuels [33,34]. Photosynthesizing plants also play a very important
role in regulating climatic conditions, as photosynthesis controls the budgets of atmospheric
gases, such as carbon dioxide. All in all, in this era of climatic, environmental and societal
changes, a profound understanding of such a fundamental process as photosynthesis is a
necessity for life science students. However, the role of plants in the ecosystem is also often
underestimated among scientists, in the well-investigated phenomenon known as ‘plant
blindness’ [35].

Therefore, two open-ended questions that required the application of basic conceptual
knowledge were used as measures in this study. The tasks and the instruction were to:
“(A) Explain the role of plants in the ecosystem from the food chains point of view”; and
“(B) Explain the role of plants in the ecosystem from the viewpoint of the composition of the
atmosphere.” The tasks required understanding of basic biological phenomena, the most
important being photosynthesis. In the curriculum of Finnish upper secondary education,
the content of photosynthesis and the role of the phenomenon on a larger scale, including
also the perspectives of climate change and energy flow and the cycling of matter in the
ecosystem, are handled extensively.

The successful answering of question A required the student to understand that pho-
tosynthesizing plants are photoautotrophs and producers of the food chain, transforming
solar energy to chemical energy that flows through the food chain for heterotrophs to
consume. Additionally, plants play a role in material cycling in the ecosystem. A successful
answer for question B required the student to understand that photosynthesizing plants
regulate the gas balance of the atmosphere by absorbing carbon dioxide from the atmo-
sphere and releasing oxygen. An increased amount of carbon dioxide in the atmosphere,
caused as a result of human activities, is the main reason for the current changes in climate.

A model answer for task A, formulated by two biology university lecturers (with
macro-concepts bolded and the contexts relevant for the analysis numbered in parentheses):

Explain the role of plants in the ecosystem from the food chain point of view.

The plants capture the light energy of the Sun and convert it to chemical energy for
other organisms of food chains to use, and this process is called photosynthesis (C3).
Autotrophic plants produce their own nourishment, unlike animals (C1). Therefore,
photosynthesizing plants are producers of the food chain (C2). However, only a small
amount of energy is transmitted to the next trophy level of the food chain. Energy bypass
occurs because each trophy level uses energy to carry out their own life processes and
functions (C5). Plants also play a role in material cycling in the ecosystem (C4). All
in all, plants play a crucial role in the ecosystem from the sustainability point of view
(C6).
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A model answer for task B, formulated by two biology university lecturers (with
macro-concepts bolded and the contexts relevant for the analysis numbered in parentheses):

Explain the role of plants in the ecosystem from the viewpoint of the composition of
the atmosphere.

In photosynthesis, the plants absorb carbon dioxide from the atmosphere and release
oxygen (C1). Thus, as a result of photosynthesis, the gas balance in the atmosphere is
favorable and stable, which has enabled current modes of life to evolve (C2). Plants also
play a role in material cycling in the ecosystem (C3). Carbon dioxide is a greenhouse
gas, the increase of which is a reason for ongoing climate change (C4). Thus, plants
and, particularly, forests are carbon sinks that are important for ecosystems from a
sustainability perspective.

The lengths of the answers for the two questions were both restricted to six lines.
Students gave their answers individually in a regular lecture hall context in September
2019, and they had approximately 30 min to complete the tasks.

2.3. Data Analysis

The lexical networks to be analyzed here were constructed from students’ written
answers, and such so-called lexicons play a key role in analyzing how students use different
concepts and words in their answers [31,32,36]. To construct a stratified lexical network, a
text analysis of students’ written answers is performed, based on a grammatical sentence
analysis in which special attention is paid to nouns and verbs, while the text analysis
itself concentrates only on grammar and syntax. First, written answers were modified into
simple sentences. In the simplification process, subordinate clauses are transformed into
main clauses. Second, nouns are recognized, and the root verb is identified for each main
clause. Third, the sentences are classified into contexts that are defined based on the model
answers of university lecturers and students’ answers (Appendix A). If a certain sentence
was a mixture of more than one context, the decision of context was made based on the
dominance or the precedence of the content. This means that if it was possible to identify
the most emphasized aspect of the sentence, that ruled the context. In cases where the
contexts were equally stressed, the first aspect within a sentence ruled the context where
the sentence would be categorized. This was not common among answers since most of
the sentences belonged clearly to only one context. Therefore, such choices do not greatly
affect the results. The lexical analysis of the answers, and especially the decisions regarding
which context the answers belong to, was carried out by two experts who followed a
detailed analysis protocol. The interrater agreement of the context classifications was
69.9% for task A and 79.3% for task B. The simplified text structure was then transformed
into lexical networks, where tag word nodes are connected to root verb nodes, and root
verbs are connected to contexts. A more detailed description of the method is provided in
Appendix B.

To construct the lexicon, we have first constructed a tiered lexical network, reflecting
the position of a noun in either the clause, sentence or context. These constructs are
not discussed in detail here because they are used only as auxiliary representations to
quantify the lexical distance (for details, see [31,32]). The lexical distance of the terms
and words in the lexical network is next quantified by using a so-called communicability
centrality (more briefly, communicability in what follows) of nodes in the lexical network.
Communicability describes the lexical support that the node (q) receives from other nodes.
A pair of nodes that have high mutual communicability are close in the sense that they can
easily reach (communicate with) each other, while those with low communicability are
distant and cannot reach (communicate with) each other easily. Communicability is a global
centrality measure characterizing the position of a node in a network. Moreover, as its
name suggests, it is designed to describe how nodes can communicate or, alternatively, how
the information content of a node can be passed to other nodes in the network (for the basic
theory and construction of communicability measures, see, e.g., [37], for applications in
lexical networks, see [31]). The computation of communicability as used here is explained
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in more detail in Appendix B, closely following the steps as presented elsewhere in more
detail [31,32].

The communicability between words is great in two obvious cases: first, when the
given words (p) and (q) occur often in the same sentence; second, when many paths,
even long ones, connect the words through a connection at deeper semantic levels. In
both cases, one should take the word to have an important position in the network. The
lexical networks are pruned by removing auxiliary and loosely connected words. The
nodes that have low values of communicability are loosely connected within the network
of connected terms and are thus auxiliary. By removing those nodes that fall below a
prescribed threshold (in practice, having only a relative value of 0.30 of the maximal
values of communicability of the most well-connected nodes) we create a lexical proximity
network (LPN) retaining only the best-connected nodes. This lexical proximity network,
which is a pruned version of the full lexical network, is called the lexicon.

The lexicon defined in this manner contains a summary of the information about the
connections that students explicated in their answers about the role of plants in the ecosys-
tem. A representation of the lexical information is produced from the lexical networks, in
order to find out which terms play an important role in students’ answers. It should be
noted that here, the “importance” of a term means that it should have a key role in the
totality of the answer, as part of an explanatory sentence or context-related set of sentences.
Terms and words that are only listed in passing are dropped as auxiliary, unconnected
terms. Obviously, by listing words, students show that they know the words, but the
written answers do not reveal the way they use the words in an explanatory sentence or
sentences as being central or important. Therefore, simply listing words is not counted in
the present analysis as a sign of their importance.

3. Results
3.1. Concepts and Terms in Students’ Written Answers

The first research question aimed to find out which concepts first-year life science
students use in their answers when considering the role of photosynthesizing plants in
the ecosystem from the food chain point of view (task A) and from the viewpoint of the
composition of the atmosphere (task B). The frequencies of use for concepts and words are
presented in Tables 1 and 2. The tables show that the most common concepts are clearly
distinguishable and, respectively, a great number of concepts are mentioned only a few
times.

In task A, the most common concepts, “the plant” and “food chain”, were mentioned
in the task instruction. The most frequent concepts introduced by the students were
“energy”, “producer”, “organism” and “nourishment”, most of which can be classified as
macro-concepts related to the phenomenon of photosynthesis. These concepts are relevant
in explaining the role of plants as primary producers in the biosphere. The occurrences of
the concept of photosynthesis are relatively few in number. Furthermore, certain central
concepts, such as “the Sun” or “light energy”, associated with the origin of energy received
relatively few mentions. Even fewer concepts related to the idea of the bypass of energy
from the food chains were mentioned in the task for measuring students’ understanding of
the role of the plants from the point of view of the food chain.

Significantly fewer concepts and words were used in task B compared to task A. In task
B, the most common concepts used were “the plant” and “the atmosphere”, both mentioned
in the assignment instruction. The concepts of “oxygen” and “carbon dioxide”, initially
presented by the students, occurred frequently. Macro-concepts, such as “photosynthesis”
and “carbon sink”, were mentioned, but not very often. The concept of “greenhouse
gas” existed to some extent, but other related concepts, such as “climate change” and
“greenhouse effect”, were not mentioned in most of the answers.
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Table 1. The frequency of concepts and words that the students used in their answers for task A (including terms mentioned
at least seven times).

Concept/Word Frequency Concept/Word Frequency Concept/Word Frequency

plant * 286 organic 22 link 11
food chain * 130 the second 19 usable 8

energy 127 important 19 carbon dioxide 8
producer 110 large 19 carbon 8
organism 81 form 19 nutrition 8

nourishment 66 trophy level 16 aid 8
consumer 51 role * 16 heterotrophic 8

ecosystem * 34 decomposer 16 food source 8
autotrophic 33 dependent 15 step 7

the first 32 oxygen 15 carnivore 7
biomass 30 substance 15 life 7

Sun 29 inorganic 14 animal 7
grade 28 solar energy 13 energy source 7

herbivore 25 sugar 13 primary production 7
glucose 32 photosynthesis 11

Macro-concepts are bolded. * = this concept was mentioned in the task instruction.

Table 2. The frequency of concepts and words that students used in their answers for task B.

Concept/Word Frequency Concept/Word Frequency

plant * 232 concentration of carbon
dioxide 15

atmosphere * 197 concentration of oxygen 14
oxygen 172 climate 12

carbon dioxide 162 carbon assimilation 11
photosynthesis 41 greenhouse gas 11

organism 40 water 9
carbon 33 nitrogen 9

composition * 30 side product 9
carbon sink 29 role * 9

air 25 concentration 9
cell respiration 22 circulation 8

life 17 photosynthesizing 7
globe 16

Macro-concepts are bolded. * = this concept was mentioned in the task instruction.

3.2. Network of Concepts

Our second aim was to investigate students’ understanding related to the role of
plants in the ecosystem by exploring their conceptual networks more profoundly. This
was achieved by utilizing the network approach to describe the proximity of key terms
in students’ lexicons. Communicability measures, which describe the number of different
routes between concepts, were calculated for all concepts. A concept that has a higher
communicability ranking (see Tables 3 and 4) compared to its frequency ranking (see
Tables 1 and 2) is globally more important. For example, the macro-concept of energy gets
a higher importance value in this inspection, indicating that the concept was central to
students’ answers. On the other hand, the difference between tasks A and B becomes even
clearer in this inspection, and in task B, the number of concepts is even lower when we
explored communicability rankings compared to the occurrence frequency of concepts.
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Table 3. Normalized communicability ranking of concepts and words that students used in task A.

Concept/Word Comm. Concept/Word Comm. Concept/Word Comm.

plant * 1.000 inorganic 0.427 structure 0.290
energy 0.856 carbon 0.424 water 0.289

organism 0.829 compound 0.419 life process 0.287
food chain * 0.801 heterotrophy 0.415 life 0.270
nourishment 0.778 chemical 0.408 carnivore 0.245

producer 0.670 source of nourishment 0.393 carbon assimilation 0.244
consumer 0.655 heterotroph 0.389 terrestrial ecosystem 0.224

the first 0.625 species 0.389 soil 0.218
organic 0.606 herbivorous animal 0.364 metabolism 0.216
biomass 0.591 nature 0.362 light 0.201

ecosystem * 0.579 primary production 0.358 element 0.200
trophy level 0.566 self-sufficient 0.347 ground 0.200

living organism 0.552 food web 0.339 process 0.179
animal 0.551 sunlight 0.336 atmosphere 0.171

the second 0.545 alga 0.335 autotrophic 0.158
herbivore 0.531 nutrient 0.317 herbivore 0.152

sugar 0.522 cell respiration 0.300 diversity 0.147
glucose 0.516 photosynthesis 0.299 circulation 0.129

Sun 0.490 substance 0.295 molecule 0.127
decomposer 0.479 increase 0.295 Earth 0.093

predator 0.456 carbon dioxide 0.293 bypass 0.044
autotrophy 0.445 oxygen 0.291 insect 0.023

food substance 0.000

Macro-concepts are with background colour. * = this concept was mentioned in the task instruction.

Table 4. Normalized communicability ranking of concepts and words that students used in task B.

Concept/Word Comm.

plant * 1.000
carbon dioxide 0.848

oxygen 0.837
carbon 0.570

ecosystem * 0.245
life 0.228

biomass 0.214
glucose 0.206

producer 0.180
organic 0.085

Sun 0.000
Macro-concepts are with background colour. * = this concept was mentioned in the task instruction.

The conceptual proximity networks that were constructed, based on the communi-
cability rankings of concepts for tasks A and B, are shown in Figure 1. These networks
show only those concepts and terms that are connected to each other. The proximity
network shows whether there are connections between concepts with many different
routes. In Figure 1, we have drawn logarithmic values for communicability rankings in a
diagrammatic form, in order to make the exponential values easier to compare with each
other. Concepts that have only one connection to another concept drop out as unconnected
concepts. This means that merely listing words is not counted as a sign of their importance.

This inspection reveals that the networks related to tasks A and B differed significantly.
In task A, the conceptual proximity network was richer and included qualitatively different
types of concepts compared to task B. In task A, the core layer of the conceptual network
consisted of macro-concepts (e.g., energy, nourishment), whereas, in task B, the concepts
that were found to be connected were mainly factual, such as chemical compounds (oxygen,
carbon, carbon dioxide). In general, students’ answers for task B remained at a more
superficial level.
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Figure 1. Left side (a), task A: Explain the role of plants in the ecosystem from the viewpoint of
the composition of the atmosphere. P = plant; F = nourishment; E = energy; Fw = food chain;
O = organism; p = producer; c = consumer; or = organic; 1 = the first; 2 = the second; bm = biomass;
tf = trophy level; es = ecosystem; A = animal. Right side (b), task B: Explain the role of plants
in the ecosystem from the food chains point of view. P = plant; Ox = oxygen; Ca = carbon;
HdO = carbon dioxide; es = ecosystem; bm = biomass; p = producer; lf = life; gl = glucose.

4. Discussion

The purpose of this study was to investigate the incidence and interrelations of con-
cepts in the verbal answers of first-year life science students concerning central biological
contents, namely the role of photosynthesizing plants in the ecosystem, from the viewpoints
of nourishment supply and the atmosphere. Students’ written answers were investigated
utilizing a specific conceptual network tool developed by the second and third authors of
this article [31,32]. The analysis allows the exploring of both quantitative aspects (frequen-
cies of terms used) and the interrelations between used terms (communicability). Based
on previous studies, analysis of the extent of lexicons is a suitable qualitative method to
evaluate students’ level and quality of knowledge [cf. 31].

First-year life science university students are expected to construct an adequate con-
ceptual knowledge base related to complex science phenomena, and simultaneously learn
to use science language appropriately when communicating regarding science with teach-
ers and peers. However, according to extensive previous research findings, this poses
serious challenges for many university students [17]. Considering that a more integrated
knowledge base at the beginning of university studies strongly predicts students’ learning
and achievement during further academic studies [38–40], a better understanding of the
topic is important.

The results of this study showed that in the task measuring students’ understanding
of the role of plants from the food chain and nourishment supply perspective, the students
used macro-concepts, such as “energy” and “producer”, more than they used macro-
concepts in their answers concerning the role of plants in the composition of the atmosphere.
In the latter task, the students mainly operated with more superficial concepts, such as
chemical compounds. Even though an understanding of chemical compounds is also
indisputably important in biosciences, they are not considered as central macro-concepts
in this context. In addition, although the assignment instructed students to consider
the phenomena of photosynthesis and cell respiration on a global scale, certain central
concepts that were present in the model answers of university teachers, such as “energy
bypass”, “climate change” and “greenhouse effect” were not mentioned in the answers of
the students. These concepts connect the basic phenomenon of photosynthesis to current
ecological challenges on a larger scale that, in twenty-first-century science learning, is
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increasingly important [36,41]. The result is in line with previous findings that university
students often struggle with applying basic knowledge [10,42].

Furthermore, it became apparent that the concept networks were remarkably richer
and included more links between the concepts when it came to the students’ understanding
of the role of photosynthesizing plants in the ecosystem from the food chain point of
view, compared with their answers related to the role of photosynthesizing plants from
the point of view of the atmosphere. Thus, students’ understanding related to the role
of plants in the constituents of the atmosphere was more superficial compared to their
understanding of food chains and nourishment supply. Generally, the existence of macro-
concepts seemed to be related to richer and higher-level answers, whereas the lack of
macro-concepts was related to more superficial answers. This finding is in line with
the idea that the development of macro-concepts shows a move toward more abstracted
and integrated concepts in denser knowledge structures, allowing so-called systemic
understanding [10,43].

The first academic year is characterized as a strong predictor of future academic
performance and achievement [44,45], which highlights the importance of timely support
for new students to appropriately develop their science understanding and skills early on.
This requires university teachers as well as students to become aware of differences between
everyday language and scientific language, particularly in terms of science concepts.
Furthermore, supporting students to learn to meaningfully use the language of science
and to focus on interrelated concepts and contents, instead of unconnected facts, in science
classrooms would promote the high-level learning of complex scientific phenomena.

Due to the characteristics of scientific language [23], students may have difficulties
in writing down the answers to given tasks because they are not familiar with using
the language of science. Knowing these characteristics of scientific language develops
gradually in the course of further university studies. Compared to texts that students
are used to reading and writing, the characteristics of scientific language together make
scientific texts dense, abstruse, and hard to read and write [23]. This can often lead to the
student reproducing isolated facts instead of constructing a rich and flexible conceptual
network. Knowing the characteristics of scientific language might help students to better
understand the language of science. In addition, the learning of scientific language becomes
even more difficult if students must learn science in a foreign language instead of in their
mother tongue.

In general, the students’ answers for open-ended tasks in this study were scanty, which
may reflect prevailing practices that students assume to be the desired answering style. It
has been stated that science textbooks often present scientific models as if readers have no
prior knowledge or have only relevant prior knowledge about the topic to be learned [46,47].
Furthermore, biological processes are often presented separately in textbooks, which
may hinder the construction of interrelations between the concepts [48]. Even though it
has been recognized that when learning science, fostering students’ skills in conceptual
understanding, problem-solving and scientific thinking are valuable objectives in creating
a comprehensive understanding of the given subject (see, e.g., [49]), very little attention
is paid to the coherence and cohesion of written tasks. An important question for future
research is how study programs in higher education can build on these observations to
support students in constructing a solid and well-organized knowledge base.

The following aspects need to be considered when generalizing the results outlined
in this paper. Firstly, the majority of the participants in this study were female students,
which is typical of the population from which this sample was drawn (i.e., majors in
biology, environmental sciences and molecular biosciences). Additionally, in this study, the
answering space for open-ended tasks was restricted via lines that might have influenced
the answering style into being more compact and list-like than it would have been without
restriction.

Furthermore, the representations of linguistic networks depend strongly on the text
on which they are based, and the decisions when forming contexts also have a great impact



Educ. Sci. 2021, 11, 369 11 of 15

on forming the linguistic network. In a linguistic network, there is a connection between
two words if they appear often in the same context. However, the definition of contexts
determines what counts as a connection in a linguistic network. The research objectives
guide that definition and, therefore, different research setups can result in very different
linguistic networks, even from the same data. In this sample, the connections between
concepts are formed through single sentences. This means that there are no connections
between sentences, i.e., text cohesion is missing in the students’ answers, or this method is
not able to identify it.

5. Conclusions

Learning scientific knowledge, especially counterintuitive concepts regarding phenom-
ena of the physical and biological world, is hard and, typically, it requires a considerable
restructuring of students’ initial knowledge. Furthermore, university students are required
not only to learn new science knowledge but also new competencies in order to use the
language of science appropriately. The results of this study indicate that network analysis
method provides important insights into life science students’ understanding, and their
abilities to operate with science language related to complex environmental and socio-
economic phenomena. In addition, the results show that in science classrooms, paying
attention to students’ conceptions of the basic science phenomena that underlie current sus-
tainability challenges is relevant. For example, understanding the role of photosynthesizing
plants, which forms the basis for all the energy sources essential to life and regulating the
budgets of atmospheric gases, e.g., carbon dioxide, is needed in order to understand the
current climate crisis and the questions related to nourishment production for a growing
population. Future science experts are today’s university students, who will need to be
equipped with a high level of scientific knowledge and reasoning skills to solve complex
and unforeseen serious problems. The results presented in this article can hopefully inspire
further research and serve to guide university science educators in supporting students’
systemic understanding in biology classrooms.
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Appendix A

Contexts in task A: “Explain the role of plants in the ecosystem from the food chain
point of view”.

Context 1—Self-sufficiency of photosynthesizing plants:

C1 Produce their own nourishment.

Context 2—The role of plants as producers in the ecosystem.

C1 Convert solar energy to chemical energy.
C2 Produce nourishment and O2.
C3 Role as primary producer/the first link in the food chain.
C4 Other organisms are dependent on them.

Context 3—The role of plants in energy flow in the food chain:

C1 Sunlight as the origin of the energy.
C2 The plants enable energy transmission in the food chain, from herbivores to
carnivores and decomposers.

Context 4—The role of plants in the cycling of matter in the ecosystem:

C1 Circulation of nutrients.
C2 Circulation of water.
C3 Circulation of O2.

Context 5—Bypass of energy in the food chain:

C1 Only a modest part of the solar energy is used in the photosynthesis process.
C2 Most of the photosynthesized energy is used by the organism’s own metabolism.

Context 6—The role of plants from the point of view of the sustainability of the
ecosystem:

C1 Produce/store CO2.
C2 Release O2.
C3 The plants as carbon sinks/“lungs of the earth”.

Contexts in task B: “Explain the role of plants in the ecosystem from the viewpoint of
composition of the atmosphere”.

Context 1—The role of plants as the regulator of optimal atmospheric composition:

C1 Gas exchange: photosynthesizing plants bind CO2 and produce O2.
C2 The role of plants as “lungs of the earth”.
C3 The role of plants as carbon sinks.
C4 The role of plants from the atmospheric humidity perspective.
C5 O2 plays a role in O3 formation.

Context 2—The role of plants in the origin of current life:

C1 Due to photosynthesizing plants, the O2 and CO2 levels of the atmosphere
are suitable for current life modes.
C2 Without photosynthesizing plants, the atmospheric level of O2 would be higher
and the level of CO2 would be higher.
C3 A suitable atmospheric level of O2 is a prerequisite for organisms.
C4 Cell respiration: CO2 and O2 enable respiration.

Context 3—The role of plants in the cycling of matter:

C1 The plants absorb and transpire water.
C2 As the plant dies, the substances from it get released back into the soil.
C3 The plants play a role in the cycling of carbon/oxygen and nitrogen.

Context 4—The role of plants from the climate change perspective:

C1 A high atmospheric level of CO2 has a heating effect on the planet.
C2 Current climate change/global warming may at first accelerate the growth of
global vegetation.
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C3 A decrease of living plant biomass leads to the acceleration of global warming.
C4 Plants’ increased ability to absorb CO2 helps mitigate climate change/global
warming.

Context 5—The role of plants considered without appropriate connection to the task:

C1 Cell respiration: the plants’ respiration releases CO2.
C2 The plants produce glucose/energy/biomass.
C3 Description of the consequences of global warming.
C4 The role of other photosynthesizing organisms except for plants.

Appendix B

Method
The lexical (or conceptual) networks are built here on the basis of how often the same

words and terms occur at different levels, from the syntactic level (clauses) to the semantic
level (contexts). Such connections form a stratified lexical network that bears information
of the lexical distance of terms at different levels of syntax (for details, see [31,32]).

The method to quantify the connectivity between terms in the lexical network is based
on a measure called communicability centrality [37] that pays attention to the different
contiguous paths found between nodes (terms) in the lexical network. The paths can be
weighted according to their lengths. The counting of such paths is used to measure lexical
proximity. This measure tells how a node can pass information to other nodes through the
network.

A lexical network that has N nodes can have (at most) N × (N − 1) different links
between the nodes (terms). We can describe such a network by using adjacency matrix A,
in which elements [A]pq = apq have a value of 1 if there is a connection between nodes p
and q, and a value of 0 if the nodes are not connected. We can use adjacency matrix A to
calculate the number of different paths between two nodes in the lexical network.

The number of long paths increases almost factorially in a well-connected network.
Therefore, we are interested in the relative weight of these paths, and the solution is to di-
vide the number of walks by the factorial. This is called the communicability measure [37]:

Gpq(β) =
1
1!

β1
[
A1

]
pq
+

1
2!

β2
[
A2

]
pq
+

1
3!

β3
[
A3

]
pq
+ . . . =

[
eβA − 1

]
pq

where e[ . . . ] is the matrix exponential, 1 the identity matrix, and [ . . . ]pq is its element at
row p and column q. Note that here, a slightly modified version of the standard definition
of communicability [37] is used for convenience. The communicability has a free parameter
β ≥ 1. Parameter β adjusts how wide the part of the network we look at should be when
counting the paths. The optimal value for parameter β offers the best diversity of terms at
the lowest possible value of β. The optimal value seems here to be about β =1.

We can construct a lexical proximity network of key words and terms, where terms
and words are linked according to their lexical distances. This modified and pruned lexical
network, which contains only those terms and words that are connected well enough
(exceeding a given threshold of proximity), is called a lexicon.
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